ABSTRACT The efÞcacy of sterile insect technique (SIT) depends on successful mating of released males with wild females. If the time of mating in a day of mass-reared and released males differs from those of wild females, the efÞciency of SIT decreases. Therefore, understanding the molecular mechanisms controlling mating time of the target pests is particularly important for SIT. The period (per) gene, which has been considered as a key clock gene controlling the mating time of the melon ßy, Bactrocera cucurbitae (Coquillett) (Diptera: Tephritidae), was cloned from two strains having different times of mating during the day. DNA sites varied in the 5Ј and 3Ј untranslated regions and at synonymous sites, although protein sequences were identical. We also provide phylogenetic relationships among PER protein sequences of dipteran species including several tephritid pest species. The functional domains of PER in the melon ßy are very similar to those in other tephritid species. A luciferase reporter assay showed that the melon ßy PER can functionally complement that of Drosophila melanogaster (Meigen). The results implicate that the major genetic cause of the difference in circadian periods, and thus in reproductive isolation, is probably one or more other clock gene(s). Thus, the series of studies may provide a novel factor concerning genetic quality control of mass-reared insect pests for SIT, which depends on successful mating of released males and wild females.
The relationships between the difference in mating times and circadian clock genes have been studied, especially in dipteran species (Sakai and Ishida 2001; An et al. 2002 An et al. , 2004 Miyatake et al. 2002; Tauber et al. 2003; Nishinokubi et al. 2006) . For example, gene ßow between the two closely related tephritid species, Bactrocera neohumeralis (Hardy) and Bactrocera tryoni (Froggatt), may be inhibited by only the time of mating, and the expression level of cryptocrome (cry), which is a circadian photoreceptor gene, is higher in the former species than the latter both in brain and antennae .
In B. cucurbitae, two strains with different mating times have been established from one base stock by artiÞcial selection for developmental period (Miyatake 1997) : a "short" strain with a shorter developmental period and earlier time of mating, and a "long" strain with a longer developmental period and later time of mating. The short strain with a shorter circadian period (Ϸ22 h of locomotor activity rhythm) mates 5 h earlier in a day than long strains with a longer circadian period (Ϸ30 h) (Shimizu et al. 1997 , Miyatake et al. 2002 . SigniÞcant premating isolation was found between these strains in the laboratory (Miyatake and Shimizu 1999, Miyatake et al. 2002) .
In a previous study, we determined that the proÞles of period (per) gene expression in the short and long strains correspond well to locomotor activity rhythms (Miyatake et al. 2002) . This means that the oscillation of per expression might be closely linked to the locomotor rhythms in the melon ßy. Thus, the aim of this study is to identify the DNA based differences underlying these circadian phenotypes, we cloned and sequenced the per homolog in B. cucurbitae and compared the per cDNA sequences of the short and long strains. We also showed that PER (the protein encoded by per gene) in the melon ßy functionally complements that in D. melanogaster. We also provide a phylogenetic relationship among entire PER protein sequences of several dipteran species as well as those among functional domains of PER in tephritid species and thus discuss for the future genetic quality control in mass-reared ßies in relation to synchronization of time of mating between sterile males and wild females in the framework of SIT.
Materials and Methods
Cloning and Sequencing. The cloning procedure of the PAS domain fragment and 3Ј rapid ampliÞcation of cDNA ends (RACE) of per gene of the melon ßy has been described previously (Miyatake et al. 2002) . In brief, melon ßies were kept under a photoperiod of 15:9 (L:D) (0330Ð1830 hours) h with twilight (0330Ð0430) and dusk (1730Ð1830) for at least 15 d before sampling. We puriÞed total RNAs from Þve heads of melon ßy sampled at ZT13, 1 h after lights-off, by using a Fast RNA kit (Bio 101, Vista, CA) according to the manufacturerÕs instructions. After DNase treatment, 5 g of total RNAs was used for reverse transcription to synthesize Þrst strand cDNA with Ready-To-Go T-Primed First-strand synthesis kit (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). Polymerase chain reaction (PCR) was done to amplify the PAS domain of per gene with cDNA as a template and a primer set based on the per gene sequence of B. neohumeralis (5Ј-CCGTTCT-GTGTGATGTTACGTCG-3Ј and 5Ј-TGCGTTGATG-GTTTGCCGCC-3Ј). A different primer set (5Ј-AAT-GGAGGGCCAATCAATCAACGGAATC-3Ј and 5Ј-CAGTTTACGCGACCACGGATTCACAA-3Ј) was used to amplify the upstream region of the PAS domain. The ampliÞed fragments were cloned into a pCRII plasmid (Invitrogen, Carlsbad, CA) and sequenced by using a BigDye terminator v3.1 cycle sequencing kit with an ABI PRISM 3400 sequencer (Applied Biosystems, Foster City, CA). The 5Ј and 3Ј RACE was done using a FirstChoice RLM-RACE kit (Ambion, Austin, TX) with primers as follows: for 5Ј RACE, 5Ј-TGCGTTGATGGTTTGCCGCC-3Ј and 5Ј-TACCGCTTAGACGTGATTTCGAAC-3Ј; and for 3Ј RACE, 5Ј-GAAAGGACAAACAGCGGGCG-3Ј. The ampliÞed fragments were cloned into a pCRII plasmid and sequenced. Sequence analyses were done with at least Þve clones for each PCR fragment.
Phylogenic Analysis and Homology Search. We searched for PER homologs in dipteran species in the public DNA database GenBank. Amino acid sequence identities between each PER domain in the melon ßy and those in other insects were calculated by Genetyx software version 9 (Genetic Information Processing Software, Genetyx, Tokyo, Japan). The phylogenetic analyses between entire PER, PASTG and CCID domain sequences were done by ClustalW version 1.83., with 500 bootstrap pseudoreplications, and a neighbor-joining (NJ) tree was constructed. PASTG and CCID sequences were referred in Barr et al. (2005) and Barr and McPheron (2006) where CCID is called as C3C5.
Functional Assay in Drosophila Culture Cells. An Ϸ3-kb fragment including the coding region of the per gene in the Short strain of Bactrocera was ampliÞed with a primer set (5Ј-CAAAATGGAAGGCGAAT-CAACGGAATC-3Ј and 5Ј-GTATCTAACCGTCAC-CATGTAATGTCTGG-3Ј) and subcloned once into a pIB-V5/His TOPO plasmid by TA-cloning (pIBmfPER). pIB-mfPER was digested by BamHI and blunted using a Blunting High kit (Toyobo, Osaka, Japan), followed by digestion by XhoI. pIB-dPER (Drosophila PER) which was constructed in a manner similar to pIB-mfPER with the different primer set (5Ј-ATCTAGAATGGAGGGCGGCG-AGTCCACGG-AGTCCAC-3Ј and 5Ј-GCTAGCCCATCCCCGTGC-TGTGTCTGGT-3Ј) to amplify Drosophila perA cDNA as a template. pIB-TIM was also constructed in a similar way as pIB-mfPER with a primer set for tim (5Ј-TCTAGACGGTTATGGACT-GGTTACTAGC-3Ј and 5Ј-TCTAGAATTGGATCCT-CAGTGA-TAGTGGGG-3Ј) by using pCaSpR4-Tim4 (Ousley et al. 1998 ) as a template. Cultured Drosophila S2 cells on 24-well plates were transfected by using Effectene Transfection Reagent (QIAGEN, Hilden, Germany) with 10 ng of pAct-Clk (Darlington et al. 1998) , 10 ng of per-luc (Darlington et al. 1998) , 100 ng of pIB-TIM, and 3.3 ng of pAc5.1-Rluc (Matsumoto et al. 2007) . In addition, 100 ng of pIB-dPER or pIBmfPER was transfected. For the control group, 100 ng of the empty pIB-V5/His plasmid was transfected instead of pIB-dPER or pIB-mfPER. Forty-eight hours after transfection, the luciferase assay was done using a PiccaGene Dual SeaPansy Luciferase Assay kit (Toyo Ink, Tokyo, Japan) according to the manufacturerÕs instruction. The Þreßy luciferase activity was normalized by Rluc activity as an internal control. The experiments were done three times with BioOrbit 1254 luminometer (ThermoBioAnalysis, Tokyo, Japan). We used a StudentsÕ t-test to compare multiply the Þreßy luciferase activity transformed to log among dPER, mfPER in Drosophila S2 cells with dCLK as an activator and per-luc as a reporter; the level of significance was corrected after the sequential Bonferroni method (Rice 1989) . The statistical package JMP version 6.0 for the Windows was used for all analyses (SAS Institute 2005).
Results and Discussion
We Þrst ampliÞed and cloned a partial fragment of the per gene in the melon ßy by reverse transcription (RT)-PCR. We used a primer set based on the per sequence of Bactrocera neohumeralis (Hardy) to amplify the PAS domain, which was known to be conserved among per genes in various insect species (Rep-pert et al. 1994 , Regier et al. 1998 , Mazzotta et al. 2005 , Barr and McPheron 2006 . We cloned and analyzed the per cDNA from the long strain. We found that two speciÞc sequence differences (Fig. 1 boxes) in the 5Ј noncoding region existed in each strain. The short strain had the sequence "GTGTGGTGAATAATTGT" (Fig. 1 , Þrst box) but lacks the sequence "AATTG" (Fig. 1, second box) . The long strain lacks the Þrst but has the second. The full-length cDNAs of per both in the short and long strains encode a 1,034-amino acid product (Fig. 1 ). There are 23 nucleotide substitutions between the short and long strains. Twenty of 23 differences occur in the putative coding region and are synonymous, and the PER protein is completely identical in these two strains. The remaining three differences occurred in the noncoding region, and 
Nucleotide and deduced amino acid sequence of period cDNA in melon ßy. Nucleotides and amino acids are numbered from the right and left, respectively. The termination of translation is marked by an asterisk (*). Polymorphic sites are indicated in bold. The polymorphic nucleotides of the short/long strains are shown above the site. Functional domains are marked in the sequence: PAS-A (193Ð242), PAS-B (343Ð395), NLS1&2 (72Ð76, 691Ð718), CLD (398Ð457), and CCID (646Ð857), where the numbers represent the position of the amino acid. Two regions, the former speciÞc only to the short strain and the latter to the long strain in the 5Ј untranslated region, are boxed. these mutations did not connect with the amino acid substitution. Thus, the difference in the circadian phenotypes of these two strains may be due to noncoding region of per, or other clock genes.
In the sibling species, B. neohumeralis and B. tryoni that mate at different time of the day in the wild, these PER sequences are identical . Total cDNAs at the dusk phase in the short strain of the melon ßy were used as a template for the PCR ampliÞcation. We obtained an Ϸ0.8-kb PCR fragment and cloned it into a pCRII plasmid (Invitrogen). Sequence analysis revealed that the deduced amino acid sequence encoded by the fragment was highly homologous to the PAS domain sequence of per, especially in B. neohumeralis . Thus, we made an additional primer set from the per sequence in B. neohumeralis to amplify an Ϸ1.3-kb upstream region of the PAS domain. The sequence of this region was also highly conserved among Bactrocera species. Finally, we made speciÞc primers to amplify both 5Ј and 3Ј fragments of per by 5Ј and 3Ј RACE methods, respectively. In 3Ј RACE, we obtained an Ϸ3-kb fragment. In 5Ј RACE, we obtained a fragment Ϸ0.8 kb. When we compared the 5Ј-and 3Ј-noncoding regions between B. cucurbitae and B. tryoni, the identities between these nucleic acid sequences are 61 and 78%, respectively ( Fig. 2A and B) . B. tryoni has a longer sequence around transcriptional starting site in the 5Ј-noncod-
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ing region than B. cucurbitae, implying that genomic sequence around the promoter region of per gene is different between two species. In 3Ј-noncoding region of per in B. cucurbitae, we found that the 68 bp deletion as compared with that in B. tryoni, represented by underline in Fig. 2B . The sequence starts at GT and stops at AG, which well corresponds to the consensus sequence of donor and acceptor site of intron. Thus, the 68 bp sequence might be spliced out in B. cucurbitae, presumably implying that there is some difference of mRNA splicing mechanism between two species. In Drosophila, a splicing event in the 3Ј untranslated region of the mRNA from per gene alters the steady state phases of the per mRNA and protein cycles Majercak et al. 1999 Majercak et al. , 2004 . We analyzed the phylogenetic relationship among entire PER protein sequences of seven dipteran species (Fig. 3A) . The melon ßy PER is very close to PERs of other Bactrocera species . These Bactrocera PERs further belong to the family of tephritid species with C. capitata (Mazzotta et al. 2005) . PER in the remaining three ßy species in Brachycera, Lucilia cuprina (Wiedemann) (Warman et al. 2000) , Sarcophaga bullata (Parker) (Goto et al. 2006) , and Musca domestica L. (Piccin et al. 2000) , were classiÞed into other branches, whereas the PER in D. melanogaster (Reddy et al. 1984 ) is at the most distant position.
PER in the melon ßy possesses the functional domains PAS, NLS, CLD, and CCID , as in other PER proteins in six dipteran species (Table 1) . Identities of amino acid sequence are highest among Bactrocera species, not only in each functional domain but also the entire PER sequence. B. cucurbitae sequence was most similar to other Bactrocera species. Except for NLS1, whose length is only Þve amino acids, PAS-A is the most conserved domain of PER in dipteran species among the six functional domains we examined. Identities of PAS-B, which is less conserved than PAS-A, are also higher than 80% among the six species. The PAS domain is involved in dimerizing to TIM protein in Drosophila (Gekakis et al. 1995) , and the tim gene has been cloned from S. bullata (Goto and Denlinger 2002) among these six dipteran species. Thus, we assume that B. cucurbitae also has a tim (timeless) gene homolog, although it is possible that B. cucurbitae lacks a tim gene, as in the case of honey bee (Rubin et al. 2006) . It is striking that the percentage identity of CCID is particularly low compared with Drosophila (Table 1) . Because CCID is reported as the PER domain inhibits CLK-CYC activity , such a sequence diversion in CCID suggests that interactions between PER and the CLK-CYC dimer may differ among dipteran species. Alternatively, the molecular clock model proposed for Drosophila might not be directly applicable to other insects. Unlike in Drosophila, PER does not oscillate in protein abundance or localize in the nucleus in the houseßy (Codd et al. 2007) .
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We further analyzed the phylogenetic relationships of PASTG domain, which includes PAS and Thr-Gly domain of PER, as well as CCID domain among Tephritidae species (Barr et al., 2005, Barr and McPheron 2006) (Fig. 3B and C) . In PASTG (Fig. 3B) , B. cucurbitae also neighbors to B. tryoni, and these Bactrocera species belong to the same branch with C. capitata, whereas PASTG sequences are diverse among Anastrepha species as described in Barr et al. (2005) . When we analyzed the phylogenetic relationship of CCID domain (Fig. 3C) , which is called as C3C5 (Barr et al. 2005) , Dacus demmerezi (Bezzi) is the most neighbor to B. cucurbitae, B. trioni, and B. oleae (Rossi) are in the close but different branch from B. cucurbitae. The distance from B. cucurbitae to C. capitata is relatively far from that to Anastrepha species as compared with the phylogenetic tree of PASTG, suggesting that amino acids conservation of PER protein sequence is different among functional domains even among tephritid species (Barr et al. 2005) .
A negative feedback loop of circadian machinery has been reconstructed in cultured cells in Drosophila   Fig. 3 . Unrooted condensed NJ tree by entire PER amino acid sequences of seven dipteran species (A) and strict consensus phylogenetic relationship tree using PASTG (B) and CCID region (C) obtained by using the ClustalW version 1.83 program with 500 bootstrap pseudoreplicates. The reference bar indicates the distance as the number of amino acid substitutions per site. GenBank sequences used in this analysis were B. tryoni, AAL91939; C. capitata, ABB20914; D. melanogaster, AAB87476; L. cuprina, CAB45872; and M. domestica, AAD39163. The other PASTG and CCID sequences of tephritid species were referred in Barr et al. (2005) and Barr and McPheron (2006) . Because there was no difference in the PER sequence of B. neohumeralis from that of B. tryoni , we used the PER sequence of only B. tryoni. Species analyzed both in B and C are shown in bold. (Darlington et al. 1998) and Antheraea . Using a similar system, we determined whether PER in the melon ßy can function as a negative regulator acting on E-box clock genes. We expressed mfPER in Drosophila S2 cells with dCLK as an activator and per-luc as a reporter and observed a negative feedback effect of Drosophila PER as a positive control (Fig. 4) . This suggests that PER in the melon ßy can functionally complement PER in Drosophila. However, further direct demonstration awaits experiments with transgenic introduction of the melon ßy per gene into Drosophila, as has been done in Musca (Piccin et al. 2000) and Ceratitis (Mazzotta et al. 2005) . Surprisingly, PER in the melon ßy suppressed the per-luc expression more efÞciently than PER in Drosophila. The stability of PER is controlled by DBT, a protein encoded by doubletime, through phosphorylation in Drosophila , Muskus et al. 2007 ). Thus, the phosphorylation of PER in the melon ßy by DBT expressed in Drosophila S2 cells may be different from that of PER in Drosophila and alter the suppression effect.
In the current study, we identiÞed several differences of cDNA sequence in per gene between the short and long strains although the PER amino acid sequences of both strain are identical. The major genetic cause of the difference in circadian periods, and thus in the difference in mating time among strains in the melon ßy (Miyatake and Shimizu 1999 ) is probably one or more other clock gene(s). Identifying the responsible gene(s) is essential for the efÞcacy of successful SIT. Asyncrhronized mating between released males and wild females may decrease SIT efÞciency, which depends on successful mating of sterilized-and-released males with wild females (Knipling 1955 , Koyama et al. 2004 . The clock gene analyses may introduce a novel perspective for genetic quality control of mass-reared tephritid ßies, because clock genes can cause the mating times of mass-reared ßy populations to differ from those of wild populations. (middle) and that in the melon ßy (right) are represented. Signals were normalized with Rluc activity. Error bars represent the SEM. Different alphabetic letters on each bar show signiÞ-cant difference at 5% levels by StudentsÕ test; the level of signiÞcance was corrected after the sequential Bonferroni method (Rice 1989 ).
